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FOREWORD. 

In  the  presentation  of  this  thesis, 
it  is  hoped  that  the  present  work  will  form 
the  basis  for  the  continued  st-udy  of  the  de- 
sign and  the  -altimate  construction  and  test- 
ing of  this  proposed  engine. 

The  writers  wish  to  express  their 
appreciation  of  the  kind  assistance  of  Pro- 
fessor Daniel  Roesch. 

A. J. P. 
C.R.P. 
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I. H.P.  ,  rated  indicated  horsepower. 

E  ,  mechanical  efficiency. 
B.H.P.  ,  rated  brake  horsepower. 

fQ  ,  overload  factor. 

fy  ,  rating  factor. 

B.H.P.jijg^3j  ,  maximimi  brake  horsepower, 

I.H.P.^„_  ,  maximum  indicated  horsepower, 
max  • 

V]_  ,  volume  of  charge  at  beginning  of  com- 
pression, 

V2  ,  volume  of  charge  at  end  of  compress- 
ion =  clearance  volume, 

r  ,  ratio  of  volumes  at  beginning  and  end 
of  compression. 

P]_  ,  abs,  press,  at  beginning  of  compression. 

Pg  ,  abs.  press,  at  end  of  compression, 

n  ,  exponent  for  compression, 

V   ,  piston  speed. 
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mean  effectiye  pressure  maximtm. 
area  of  cylinder  "bore, 
revolutions  per  minute. 
piston  displacement, 
thickness  of  cylinder  wall, 
maximum  explosion  pressure, 
allowable  stress  in  cast  iron, 
constant  used  in  cylinder  design, 
thickness  of  jacket  wall, 
diameter  of  inlet  port. 
diameter  of  exhaust  port, 
width  of  inlet-valve  seat, 
root  diameter  of  cylinder-head  bolt, 
number  of  cylinder-head  bolts, 
maximum  thrust  against  head, 
allowable  stress  in  bolts. 
excess  energy  absorbed  by  flywheel, 
weight  of  flywheel, 
acceleration  due  to  gravity, 
constant  in  flywheel  design, 
radius  of  gyration  of  flywheel. 
=  (approximately)  radius  of  flsrwheel, 
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diameter  of  crank  pin, 

length  of  crank  pin. 

length  of  piston. 

net  bearing  pressure  of  piston  against 

wall. 

thiclmess  of  piston  barrel. 

thickness  of  piston  ring. 

width  of  piston  ring. 

number  of  piston  rings. 

length  of  piston  pin. 

diameter  of  piston  pin. 

distance  between  set  screws  on  piston. 

diameter  of  set  screws  on  piston. 

width  of  eonneeting-rod. 

depth  of  connecting-rod, 

allowable  stress  in  connecting-rod. 


THE  DESIGH-STUDY  OF  A  10  H.P.,   HIGH- 
DUTY   STATIOIJARY   GAS   EHGINE. 

OBJECT  and  METHOD. 


DESICT  OP  A  10   H.P.    GAS   SITGIIIE. 

Object :- 

It  was  desired  to  design,  build,  and 
perfect  a  small  gas  engine  of  the  stationary 
tjrpe  which  coiild  he  used  in  the  laboratories 
of  the  Armour  Institute  of  Technology  for  ex- 
perimental purposes  of  a  varied  nature.   The 
prime  requisites  of  this  engine  are:  (a)  high- 
duty,  i.e.  high  power  for  the  particular  pis- 
ton displacement,  which  will  permit  of  a  large 
overload  factor;  ("b)  lightness,  to  result  from 
the  proper  proportioning  of  the  parts,  espec- 
ially the  base  and  cylinder;  and  (c)  simplicity 
in  the  valve-gear,  to  provide  a  ready  and  easy 
method  of  adjusting  the  valves. 

In  this  thesis  it  was  the  object  to 
concentrate  attention  upon  the  most  important 
points  in  the  design  of  the  engine,  and  to 
leave  the  building,  perfecting,  and  testing 
as  subjects  for  further  thesis-investigations 
by  students  of  succeeding  classes  in  mechani- 
cal engineering. 
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Method :- 

I,  Preliminary  Considerations. 

At  the  outset  it  was  necessary  to 
malre  assumptions  of  the  most  important  design 
constants,  and  to  decide  upon  the  tjrpe  of  en- 
gine, fuel  to  he  used,  speed,  and  various  other 
points.   These  considerations  and  the  various 
values  and  assumptions  decided  upon  may  he  tab- 
ulated as  follows: 

10  h.p.  (rating)  at  300  r.p.m. 

Single,  horizontal,  overhung  cylinder. 

Four-stroke  cycle. 

Three  valves-  two  exhaust  at  bottom  and 

one  inlet  at  top.  (Fig.  2), 

Valves  set  at  45  degrees  to  the  horizon- 
tal. (Fig.  2). 

Offset  cylinder. 

Center  crank. 

Two   fljrwheels. 

Fuel-gasoline  or  illuminating  gas. 

Flywheel,  throttle  governor. 

Mean  effective  pressure  maximum,  125  lbs. 


11. 


PRELIMIHA/KY        VALVE        LAYOUT. 
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II,  Preliminary  Calculations. 

Before  tlie  aot-aal  layout  of  the  en- 
gine upon  the  drawing  hoard  could  he  started, 
it  was  ne?essary  to  calculate  various  data  and 
at  the  same  time  to  make  further  and  more  spec- 
ific assumptions,  all  of  which  would  finally 
lead  to  the  determination  of  the  required  hore 
and  stroke,  and  clearance  volume, 

(a)  Rated  Indicated  Horsepower: 
Let  I.H.P.  =  rated  indicated  horsepower 
E    =  mechanical  efficiency 
B.H.P.  Z   rated  "bi'ake  horsepower  =  10, 
Then  I.H.P.i  B.H.P./  S. 

Since  at  the  outset  a  high-grade  en- 
gine only  was  considered,  the  relatively  high 
mechanical  efficif-'cy  of  90  per  cent  may  be  as- 
sumed. 

10 

Therefore,  I.H.P.  =  =  11,1  h.p. 

0.90 

(h)  Maximum  Brake  and  Indicated  horse- 
powers. 
An  overload  factor  of  50  per  cent. 
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g 

which  is  equivalent  to  a  rating  factor  of  66g 

per  cent,  was  assumed.   This  high  overload 
factor  was  used,  because  it  was  "believed  that 
this  engine,  with  its  high  volumetric  and  ther- 
mal efficiencies,  could  develop  a  maximum  mean 
effective  pressure  of  125  lb.  per  sq.in.,  where- 
as the  ordinary  engine  of  this  type  is  capable 
of  only  105  lb.  per  sq.in.  maximum  mean  effect- 
ive pressure. 

let  fg  =  overload  factor  =  50/o. 

fp  :  rating  factor   =  66^fo, 
B.H.P.jjjg^^  =  maximum  bralre  horsepower 
I.H.P.jjjax  -   maximiim  indicated  horsepower 
Then  B. H.P. max  =  B.H.P.(l+fQ)  =  10x(H-.50)  = 

15  horsepower. 

B.H.P.  10 

also  E.H.P.ma,x  ~  -  ~  15  horsepower 

fj,  2/3 

And  I.H.P.jnax  =  I.H.P.(H-fQ)  r  ll,lx(l+.50)  = 
16.65  horsepower. 

I. H.P. 

XJ.  .  J. 

Z    r  1  A  AR  ■> 

'P. 


11.1 

■■ —  -  15,55  jj^^. 

2/3 
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(c)  Ratio  of  "Vol-umes  at  Beginning  and  End 
of  Compression   (Fig,  l); 

The  vaGuuiii  during  the  suction  stroke 
was  taken  as  1.5  ITd.  for  good  filling,  and  the 
compression  pressure  assumed  for  illuminating 
gas  or  gasoline  was  85  Ih.  gauge.   The  value 
of  "n"  to  he  used  in  the  computation  for  com- 
pression was  1.31  (for  ordinarily  good  cool- 
ing). 

Let  r  =  ratio  of  volumes  at  beginning  and 
end  of  compression. 

"V^  =  volume  of  charge  at  beginning 

Vg  =  volume  of  charge  at  end  (i.e.  clear- 
ance volume) 

Pl  =  abs.  press,  at  beginning  =  13.2  lb, 

P2  =  abs.  press,  at  end  -  99.7  lb. 

n  =  exponent  for  compression  -  1,31 

Then  r  =  =  n   (from  the  fundamen- 

tal  relation-p]_v-|_^  =  PgVg^  for  a  perfect  gas) 


15. 
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99.7        1  .764 

anr!      r  =  1.51        Z    (7.55)  2  4.675 

13.2 

(d)  Peroent  of  Clearance: 

(l)  Based  upon  piston  displacement. 

V2        1       1   _   1     _    1 


V.-Vp     Vi        r-1    4.675-1    3.675 

-  27.21  per  cent. 

(2)  Bas-d  upon  piston  displacement 


clearance  =  _27^21  _         ^^^^^ 
127,21        ^ 


(e)  Bore  and  Stroke: 

The  follOT/ing  assumptions  and  values 

previously  found  "by  calculation  v^ere  employed 

in  the  calculation  of  the  required  bore  and 

stroke: 

E  z  mechanical  efficiency      -  90';;b. 

B.E.P.  =  15  h.p. 

mas 

V  =  piston  speed  in  ft.  rer  min.=500 

L 

-  =  ratio  length  of  stro>e  to  hore  =  1.5 
d 
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Tlie  ne^  symlDols  used  are: 

L  -  length  of  stroke  in  inches. 

d  =  diameter  of  hore  of  cylinder  in  inches. 

U  -   niimber  of  explosions  per  minute. 

E„o_  =  mean  effective  pressure,  maximum 

(  =  125  Ih.) 
A  =  area  of  bore  in  so. in. 
n'  ~   revolutions  per  minute. 
Prom  the  relation  "between  piston  speed  and 
revolutions  of  the  cranlr  shaft, 
V  =  2Ln' 

V       V  V 


I  _ 

and  n  - 


2L    2x1. 5d    5d 
For  the  four-cycle,  single-cylinder  engine 
n'      V        T 


N  = 


2     2x5d 


6d 


The  maximum  brake  horsepower  is: 


33000 


V 

Pjuax  ^  l'5d  X  0.7854d^  x~gd  ^ 
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SolYinff  for  the  diameter  of  "bore: 


d  =1/  ■^*H.I'«iiiax  X  6  X  33000 


1,5  X  ,7854  X  vSE 


44,8  -  6,59 


max 

■  \ll5  X  6  X  35000  =\/44,8 

~  y 1 . 5x0 . 7854x500x0 .90x125   V 

inches  ,  call  it  6-|-  inches. 

The  length  of  stroke  is: 

L  =  1.5(1  =  1.5  X  6.75  -  10,12  inches 

call  it  10  inches 

ff)  Clearance  vol-ume. 

Let  D  =  piston  displacement  in  cu.in. 

Then  the   clearance  voliime   is: 

Vg  =  0,2721  D  =  0.2721  x  0.7854d^L. 

=  0,2721  X  0.7854  x  (6,75)2x  10 

=  0,2721  X  358.0  =  97.3  cu.in. 

(The  piston  displacement  being  found  to  he  358 

cu.in.) 

(g)  Revolutions  per  minute 

V      500  X  12 

n'  = = 300  r.p.m. 

2_L_    2  X  10 
12 
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III.  Oyllnder  Design, 

A  horizontal-type,  valve -in-hand  engin« 
with  overhead  camshaft  and  a  detachable  cylin- 
der head  (Pig.  2.)  was  decided  upon,  A  gener- 
al layout  drawing  of  the  cylinder,  cylinder 
head,  valves  and  piston  was  then  started. 
(Plate  1.) 

A  3^  inch  diameter  inlet  port  and  two- 
Z^   inch  diameter  exhaust  ports  were  used. (Pig, 
2,)   These  dimensions  will  insure  good  filling 
and  scavenging,  since  at  a  piston  speed  of  500 
ft,  per  minute  the  velocity  of  the  gases  will 
he  under  50  ft.  per  second.  If  only  one  of  the 
exhaust  valves  is  used  at  a  particular  part  of 
a  stroke  of  the  piston  (see  p,65,),  the  velocity 
of  the  humt  gases  will  not  exceed  66  ft.  per 
second.  It  is  evident,  therefore,  that  the  val- 
ve-ports are  much  larger  than  is  ordinarily  the 
case  with  this  type  of  motor.  Valve-seats  of 
30  degrees  were  chosen,  in  ac:!ordanoe  with  mod- 
em practice,  to  give  a  larger  area  of  opening; 


DESIGIT  OP  A  10  H. P.  GAS  EHGIIE.  ^0, 

for  small  valve-lifts. 

The  main  points  of  the  cylinder  and 

head  containing  the  valves  "were  then  sketched 

in;  the  following  calculations  being  necessary 

in  order  to  determine  important  dimensions: 

a)   Thickness  of  cylinder  wall: 

Let  t  =  thickness  of  wall  in  inches 

p  Z  maxlrnvtm  explosion  pressure   =  450   Ih. 

per  so. in. 

d  s  diameter  of  bore  in  inches  =  6,75  in, 

S  =  allowable  stress  in  cast  iron  -   3500 

lb,  per  sq.in. 

and  C  =  constant  to  allow  for  cooling  and  o 

other  stresses  =0,3  inches, 

pd        450  X  6.75 

Then  t  =  +0  =  +  0.5 

23        2  X  3500 

=  0,434+0,3  =  0.784 
say  l-  inch  diameter. 
This  formula  for  the  thickness  con- 
sists of  two  parts-  the  theoretical  formula 
plus  a  practical  constant,  "C",  Haeder  and 
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Huskisson,  and  Griildncr  in  their  treatises  on 

gas  engine  design  give  the  following  formula, 

which  results  in  a  slightly  larger  value: 

d/,/  S  +  0.4p      \ 

t  =  -  / -  1  +C 

2\)    3-1. 5p 

where  C  =  0,375  for  engines  of  this  size. 


6.76  /,/  3500+  0.4  x  450 

t  = "—11/ -  11+0.375 

3500  -  1.3  X  450 


3680       \ 

-  1  +0.375 


S   ^If  E915 
=  0.41E  +  0.375  =   0.787 

say  f-  inch  diameter, 
"b)  ThieknesB  of  jacket  vrall: 

g 

Haeder  and  Huskisson  give  _—  inch  as  a 

l6 

practical  dimension  for  the  thickness  of  the 
jacket  ?;all  for  9-11  h.p,  engines. 

The  instruction  sheets  on  gas  engine  des- 
ign used  at  Armour  Institute  of  Technology  give 
an  empirical  forraila  for  the  value  of  t  j  ,  the 
thickness  of  the  jacket  wall*. 

t^  =  0.06d  to  O.lOd 
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using  ti   =  0.08d 

=  0.08  X  6.75  =  0.54 

say  _ —  inch. 
^6 

c)  Water  space; 

15 

A  practical  value  of  —  inch  as  ^iven 

16 

"by  several  authorities  was  used, 

d)  Diameters  of  valve-stems; 
let  dj_  =  diameter  of  inlet  port 
and  de  =  diameter  of  exhaust  port 

Diam.  of  inlet-valve  stem  :0.14dir0,14z3.5 

=  0.49  inch 

Diam.  of  exhaust-valve  stems  =  0.14de  =  0,14 

X  2.5  =  0.35  inch 

say  -g-  and  3  inch  respectively 
8 

(According  to  levin) 

e)  Width  of  valve    seat 

The  width  of  the   inlet-valve   seat   is 
-   0.01di-»-3/l6 
=   0.01  X  3.5+0.1875   =   0.222   inch 

say  t   inch   (According  to  Streeter) 
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The  actual  width  was  made  3/8  inch  on  all 
three  valve-seats. 

f)   Cylinder-head  bolts! 
let  dj_  -  root  diameter  of  bolt 

n,  ^  n-umber  of  bolts  (assumed  as  six) 
p  =  mas-iraum  thrust  against  head 
p^  =  allowable  stress  in  bolts 
The  maximum  thrust  against  the  head  is: 
p  =  Tr/4  d^  p^ 

=  0.7854  X  (6.75)2  x  450   -  16,100  lb. 
The  resisting  stress  in  the  bolts  is: 
^/4  d^S  p^  n, =  P 
and  d;]L  =\/  4p 


>rp^n, 

where  p^  can  be  taken  as  13,500  lbs.  per  sq. 

in,  by  using  3.5/^  nickel  steel  (0.407^  carbon) 

bolts,        . . 

1/    4  X  16,100         , 

Then  di  =/, =  1/0.253 

1(3.1416  X  13,500  X  6     " 

=  0.504  in.  root  diam,  of  bolt. 

The  nominal  diameter  is  5/8  inch. 
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Because  of  the  eomplieated  shape  of 
the  cylinder  head,  its  theoretical  design  was 
of  little  or  no  importance;  and  was  at  "best 
unsatisfactory.   The  design,  therefore,  was 
carried  out  from  an  empirical  standpoint.  The 
thickness  of  the  inside  wall  or  dome  was  made 
the  same  as  that  of  the  cylinder  *rall. 

The  exhaust  ports  were  located  in  the 
bottom  part  of  the  cylinder  head  and  were 
separated  hy  the  water  jacket  to  secure  pro- 
per cooling  of  the  e7:haiist  valves.   These 
two  ports  lead  to  an  exhaust  manifold  at  the 
hottom  of  the  cylinder  head.   The  inlet  port 
was  at  first  designed  to  lead  in  from  the  top 
of  the  cylinder  head  (Pig.  3.);  hut  in  order 
to  avoid  trouble  in  the  location  of  the  car- 
buretor, this  was  changed  to  le^d  in  at  the 
side  of  the  cylinder  head. 

In  the  attempt  to  secure  as  nearly  as 
possible  a  hemispherical  combustion  chamber, 
considerable  difficulty  was  :r.et  because  it 


25. 
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was  necessary  to  have  the  exhaust-valve  stems 
(and  consequently  the  valve  faces)  in  the  same 
plane.   The  shape  of  the  combustion  chamber 
was  shown  in  the  dravrings  as  clearly  as  possi- 
ble; but  in  order  to  have  this  correct  in  the 
engine,  great  care  and  supervision  will  have 
to  be  exercised  in  the  making  of  the  pattern. 

The  cylinder  head  was  made  flat  on  the 
end  (Fig.  3.),  in  order  to  give  sufficient 
water-space  for  thoroughly  cooling  the  head  and 
valves  and  in  order  to  make  it  more  convenient 
in  bolting  the  head  to  the  cylinder  and  the 
valve-gear  brackets  to  the  cylinder  head. 

Other  points  given  especial  considera- 
tion in  the  design  of  the  cylinder  were  i- the 
locations  of  cylinder-heaci  bolts,  spark-plug 
tap,  inlet  and  outlet  jacket-water  taps,  and 
indicator  tap,  the  design  of  valve-stem  guides, 
the  bolting  of  the  cylinder  on  the  frame  from 
the  inside  of  the  crankcase,  and  the  bolting 
of  the  cylinder  head  and  can-shaft  bearing 
brackets  to  the  cylinder. 
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IV.   Frame  Design, 

In  the  design  of  the  frame,  it  was  con- 
sidered more  economical  and  also  more  practical 
to  construet  a  frame  and  "base  in  one  piece. 

The  frame  vas  designed  empirically,  suffic- 
ient thickness  of  material  being  provided  for  at 
the  proper  points.   As  the  cylinder  was  to  "be 
overhung,  the  front  T?7all  of  the  frame  was  made 
1  inch  thick  in  order  to  allow  for  a  counterhore 
of  ahout  3/I6  inch  to  line-up  the  cylinder. 

The  length  of  the  frame  from  the  center 
line  of  the  main  hearing  to  the  edge  of  the  sup- 
porting wall  for  the  cylinder,  was  determined  by 
the  length  of  the  connecting-rod,  the  length  of 
the  stroke,  the  position  of  the  piston  pin,  and 
also  the  extreme  positions  of  the  piston. 

As  the  main-bearing  was  also  designed  em- 
pirically, it  was  proportioned  to  conform  pro- 
perly to  the  crank-sbaft,  which  is  2£-  inches  in 
diameter.   The  len:jth  of  the  ;iournal  was  made 
64"  inches,  including  bosses  on  the  ends.   The 
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use  of  ball-bearings  was  considered.   These 
may  "be  probably  anded  later  in  analyzing  the 
stability,  smoother  running  and  decrease  of 
vibration  of  the  engine. 

The  bearing  cap  was  made  in  accordance 
with  common  practice.   The  cap  is  to  be  held 
on  by  four  bolts.  A  sight  feed  oil  cup  will 
be  set  in  the  center  of  the  cap.   The  bearing 
has  a  suitable  oil  well  to  take  care  of  the 
oiling  of  the  cr?nk  shaft. 

Proper  pads  or  bosses  v,'-re  designed  to 
take  care  of  the  bearings  of  the  valve  mech- 
anism, which  consists  of  a  horizontal  lay 
shaft  running  along  the  side  of  the  frame  and 
cylinder  to  the  cam  shaft  which  is  perpendic- 
ul8,r  to  the  axis  of  th-:  cylinder. 

In  designing  the  base,  the  diameter  of 
the  flywheel  was  taken  into  consideration. 
It  was  thoi-ght  that  to  make  the  base  a  trifle 
deeper  would-  be  chea^:er  than  to  dig  pits  in 
the  floor  so  that  tlie  fl:/wheels  could  run  clear. 
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The  sides  of  the  base  v^ere  made  at  a  slight 
angle  to  the  vertical.   The  base  was  rihbed 
to  secure  solid  support  and  stalDility.  .Six  1- 
inch  bolts  were  fonjnd  siifficient  to  holcl  the 
engine  dopm.   Pads,  supported  hy  webs,  were 
added  at  the  points  where  the  bolts  v'ere  placed. 

It  will  be  noticed  by  examining  the  draw- 
ings of  the  frame  and  base  that  the  size  has 
been  reduced  to  a  minimum,   The  object  was  to 
obtain  a  long  narrow  construction;  and  a  fair 
degree  of  success  was  met  in  that  direction. 
At  no  point  is  the  metal  thicker  than  1-inch 
or  thinner  than  -g-  inch.   The  frame  in  general 
is  compact,  small, anri  of  sufficient  strength 
to  take  care  of  all  the  stresses  to  which  it 
will  be  subjected  at  mazimum  load, 

Pne  of  the  first  considerations  in  the 
design  of  the  exi:i:ine  was  the  offsetting  of 
the  cylinder.  After  making  several  sketches 
and  studying  the  appearance  of  the  nonstrxic- 
tion,  -t  was  decider!  to  make  the  center  line 
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of  the  craiikshaft  1  inch,  or  one  tenth  the 
length  of  the  stroke,  below  the  center  line 
of  the  oylinder. 

The  object  of  offsetting  the  cylinder 
may  be  briefly  stated  as  follows :- 

"The  side  thrust  of  the  piston  against' 
the  cylinder  wall  is  the  cause  of  loth  wear 
af  the  piston  and  cylinder  and  of  fractional 
loss,  and  any  means  of  rediTcing-  it  is  there- 
fore doubly  advantageous.   The  most  obvious 
way  of  acconplishing  the  reduction  of  the  ef- 
fective pressure  on  the  piston  is  by  making 
the  connecting-rod  longer.   In  practice,  how- 
ever, the  lenr:th  of  the  connecting-rod  is  lim- 
ited, since  the  bulk  and  weight  of  the  engine 
increase  rapidly  with  this  length.   There  is, 
however,  a  method  of  arranging  the  moving  parts 
so  that  with  a  fixed  length  of  connecting-rod 
the  connecting-rod  ang?  3  T-ill  be  relatively 
small  when  the  pressure  on  the  piston  is  high, 
and  proportionably  greater  when  the  pressure 
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on  the  piston  is  lov;.   This  consists  in  off- 
setting the  crankshaft  axis  from  the  axis 
through  the  cylinder  toward  the  side  on  which 
the  craTLk  arm  moves  during  the  power  stroke. 
The  angularity  of  the  connecting-rod  for  any 
position  on  the  power  stroke,  except  at  the 
very  ends  of  the  strol-e,  is  then  less  than  it 
is  for  the  corresponding  position  in  an  engine 
without  an  offset  cylinder. 

Offsetting  the  cylinder  has  some  rather 
peculiar  effects  on  the  functions  of  the  en- 
gine.  In  the  first  place,  the  piston  is  not 
at  the  end  of  its  stroke  when  the  crank  arm 
is  in  the  vertical  positions;   it  reaches  the 
end  of  the  stroke  a  moment  later,  when  the 
crank  arm.  and  connecting-rod  are  in  line  with 
each  other.   Besides,  the  two  dead  center  pos- 
itions are  not  180  degrees  apart,  as  they  are 
in  a  sjrmraetrical  engine,  >^ut  slightly  less,  as 
shown  in  the  Fig.  4. 

The  effective  or  actual  length  of  the 
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stroke,  in.tead  of  "being  equal  to  tv/iee  the 
length  of  the  crank  srE,  is  slightly  greater 
than  this.   The  connecting-rod  is  parallel 
with  the  cylinder  axis  some  time  after  the  in- 
ner cTan\   center  position  has  been  passed,  and 
the  same  time  before  the  head  center  position 
is  reached. 

The  length  of  the  offset  employed  in 
American  practice  is  equal  to  one-sixth  of 
the  bore," 

Heldt,  P.M.,  "The  Gasoline  Automobile", 

Vol.1. 
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Main  Bearings  and  Bearing  Gap. 

The  main  bearings  of  an  engine  are 
as  important  as  the  shaft,  and  should  "be  con- 
structed with  the  Same  care  given  the  shaft. 
There  is  nothing  ahout  the  bearings  that  can 
be  designed  rationally  after  the  diameter  and 
length  have  been  computed, 

A  bearing  with  an  horizontal  cap  was 
selected  as  shown  in  Plate  7.   The  bearing  cap 
is  bolted  to  the  frame  of  the  engine  by  means 
of  four  bolts. 

Future  investigators  on  this  engine 
may  well  consider  the  -.^se  of  ball-bearings  to 
replace  either  the  babbitt  or  bronze  bushings. 
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Y.     Valve   Gear. 

Before  the  final  adoption  of  the 
valve-gear  arrangement  most  suitable  for  this 
type  of  engine,  several  other  forms  were  con- 
sidered.  The  single-cam  gear  shorn  in  the 
sl-etch  (Fig.  5.)  was  at  first  considered.   The 
valves  are  opened  hy  a  rocking  lever  pivoted 
at  the  center  to  a  bracket  fastened  to  the  cyl- 
inder head.   The  lower  end  of  this  rocker  is 
connected  to  a  push  rod  which  is  operated  by 
the  cam,  whose  shaft  is  turned  hy  a  pair  of  E- 
1  spur  gears  from  the  crank  shaft.   The  push 
rod  and  cam  are  under  the  cylinder. 

Another  type  of  gear  to  he  studied 
was  that  shown  in  the  sketch  (Fig.  6)  A  mo- 
tion of  oscillation  is  transmitted  to  the  hell 
crank  by  means  of  an  eccentric  and  long  con- 
necting valve  rod,  the  eccentric  shaft  being 
geared  to  the  crank  shaft  through  a  pair  of 
2-1  spur  gears.   A  roller  on  the  rin  through 
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the  lovirer  arm  of  the  bell  crarik  operates  the 
exhaust -valve ,  roeker  arm,  and  a  similar  rol- 
ler on  the  upper  arm  of  the  hell  crank  opera- 
tes the  inlet-valve,  roeker  arm. 

As  "7:'as  originally  planned,  the  overhead 
camrshaft  type  of  valve  hear  was  finally  de- 
cided upon  and  designed  to  meet  the  peculiar 
requirements  of  this  engine.   The  spur  gears 
drivin-r  the  jack  shaft  were  made  5  inches  and 
10  inches  in  pitch  diameter,  respectively, 
with  a  diametral  vitch  of  6  and  width  of  face 
of  1-1/8  inches.   They  were  at  first  placed  in- 
side of  the  bearing  as  shown  in  sketch.  Fig, 
7  ;  but  because  of  their  inaccessibility  and  ' 
the  trouble  in  providing  a  proper  and  suffi- 
cient bearing  for  the  jack  shaft,  it  was  deci- 
ded to  place  these  gears  between  the  bearing 
of  the  crank  shaft  and  the  flwheel.   The 
jack  shaft  was  placed  at  a  distance  below  the 
center-line  of  the  cylinder  such  that  the  hor- 
izontal center! ine  of  the  lay  shaft  coincided 


39. 


DESi:?.IJ  OP  A  10  H.P.  '?AS  SUGIKE.  40, 


with  the  horizontal  center-line  of  the  cylin- 
der.  The  spiral  gears  were  made  4  inches  pitch 
diameter  with  a  1-  inch  face.  The  bevel  gears 
were  made  4  inches  pitch  diameter,  8  diametral 
pitch,  with  a  1-inch  face. 

In  designing  the  rocker  arms  and  brackets, 
considerable  difficulty  was  encountered  in  se- 
curing the  proper  location  of  parts.   Proper 
length  of  Yalve  stem  for  the  springs  was  first 
secured;   and  then  the  rocker  arms  were  drawn 
in  at  right  angles  to  the  valve  stems.   The 
lift  of  the  valves,  the  size  of  rollers  on  the 
rocker  arms,  the  diameter  of  the  cam  shaft  and 
the  size  of  the  cams  were  all  determining  fac- 
tors in  the  location  of  the  cam  shaft. 

A  single-piece  bracket  was  used  for  the 
cam-shaft  and  rocker-arm  bearings.  Although 
this  casting  is  complicated  and  requires  con- 
siderable machine  work,  it  was  thought  advis- 
able to  make  it  in  one  piece  to  secure  rigidity 
and  to  maintain  alignment  and  proper  valve-timing. 


f^fG.  AS . 
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The  valve  springs  were  designed  for  the 
inlet-valve,  and  the  same  springs  were  used 
for  the  eschaust  valves.  A  complete  vacuum  was 
assumed  in  the  cylinder,  and  the  springs  cal- 
culated to  hold  the  inlet  valve  on  the  seat. 
Then  the  total  atmospheric  pressure  against 
the  valve  was  found  to  "be  144.3  Ih.   Two  con- 
centric springs  were  decided  upon,  and  springs 
with  the  following  specifications  were  found 
to  be  correct: 

Outside  Spring  Inside  Spring 
Outside  diam.  1^   inch       1  inch 

Wire  No. 6, 0.192  in.   lo. 10, 0.155  in. 

Allowable  load         128  lb.       67  lb. 
Deflection  per  coil 
per  100  lb.  load        0.108  inch   0.135  inch 

It  was  assumed  that  the  outside 
spring  would  carry  the  entire  load  of  144  lb. 

Deflection  per  coil  per  100  lb.  load 
=  0.108  inch. 

Deflection  per  coil  per  144  lb.  load  is 
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^^  X  0,108  =  0.156  ineh 
100 

The  nxunber  of  eoils   is     0,875  -   ^ 

0056  -  ^  °°^^^ 

(  7/8  inch  =  0.875  inch  =  lift  of  inlet 

valve . ) 

For  the  sake  of  safety,  8  ooils  were  used 
on  the  outside  spring  and  11  coils  on  the  in- 
side spring.   The  length  of  the  springs  when 
open  was  made  2-5/8  inches.   The  method  of  se- 
curing the  spring  is  clearly  shown  in  Plate  III. 
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VI.  Flywheel. 

The  fljrwheel  should  be  designed  "by 
an  analysis  of  the  inertia  forces,  rotative 
efforts,  and  the  like.   This  was  too  extensive 
to  be  included  in  this  work,  so  empirical  for- 
mulae and  -constants  used  in  practice  were  em- 
ployed in  the  design  of  the  flywheel. 

The  approximate  weight  of  the  flywheel 
was  found  as  follows: 

The  excess  energy,  dE,  which  must  be  ab- 
sorbed and  given  out  by  the  fljnvheel  bears 
some  relation  to  the  rork  generated  per  revo- 
lution or  per  cycle  in  the  engine  cylinder. 
Energy  absorbed  by  flywheel 


This  ratio 


Indicated  work  per  revolution 
dE 


n' 


is  practically  constant  for  a 


given  type  of  engine. 

A  good  value  for  this  ratio  for  a  single- 
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acting  four-cycle  engine  is  2.4  (Streeter), 

IndicatecL  work  per  revolution  is 

I.H.P.max  ^  55000  .   16.65  X  53000 

n'  300 

2.4  X  33000  X  16.65 

Then  dE  = _  -     4400  ft. lb. 

300 

A  coefficient  of  fluctuation  of  1  percent 

was  assumed.   Then  the  weight  of  the  fljmheel 

dE  X  g  X  900  X  k   4400x32.2x900x100 


=359 


ir    /o         n'^  )r^x2x2x300x300 

'  Ih. 

^    =  the  radius  of  gyration  of  the  fly- 
wheel.  The  diameter  of  the  flinvheel  was  as- 
sumed as  4  feet.  With  this  weight,  a  fljrwheel 
rim  was  drawn  which  looired  suh s t ant i ally  well- 
proportioned  and  of  sufficient  strength.   The 
arms  were  made  elliptical  in  cross-section  and 
tapering  from  the  huh  to  the  rim. 

The  hub  was  to  be  split,  and  four  bolts 
were  provided  for  to  hold  the  flywheel  on  the 
shaft.   The  flywheel  was  also  to  be  secured  by 
a  rectangular  key.   The  bore  w?s  to  be  grooved 
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so  that  machining  a  long  length  of  "bore  would 
be  avoided. 

Two  flywheels  were  to  be  used  in  order  to 
insure  smoother  and  steadier  operation, 
Cranltajaft. 
The  engine  was  to  be  a  center-crank 
engine  with  two  flsmheels,  one  on  each  side  of 
the  crank-pin.   The  shaft  was  designed  empir- 
ically. 

Let  dg  z  diameter  of  the  pin, 
Iq  ■  length  of  the  pin, 
d  =  diameter  of  cylinder. 
Then  dg  =  0,4d  =  0,4  x   6.75  =  2.70  =  2f  inches. 
Iq  =  1.4dc=  1.4  X  2.70  =  3.78  =  3|  inches. 
The  journals  of  the  crankshaft  were  in- 
creased slightly  in  diameter,  and  sufficient 
length  of  shaft  wag  allowed  for  attaching  fly- 
wheels, valve  gears  and  brake  pulleys. 

The  crankshaft  was  to  be  supported  by  two 
bearings  and  a  suitable  oiling  system  was  to 
be  supplied. 
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VII.  Reciprocating  Parts. 
Piston. 

In  accord  with  commjn  practice,  a 
trunk- piston  was  selected.   In  a  single-acting 
engine  this  type  of  piston  is  usually  used, 
and  more  often  than  not  it  is  used  without  a 
crosshead. 

In  order  to  allow  for  ring's  in  the  piston 
the  total  bearing  area  should  he  considered  to 
"be  the  product  of  0.8  of  its  length  hy  0.85  of 
its  diameter.   The  bearing-  area  is  then  0.68dL^'' 
where  d  is  the  diameter  and  I'  is  the  length  of 
the  piston.  The  bearing  pressure  should  not  ex- 
ceed 30  lb,  per  sq.in.  of  this  net  area.   In  no 
ease  should  the  length  of  the  piston  be  less 
than  the  diameter.   In  stationary  engines  the 
usual  range  of  valiies  L'/d  is  1^  to  l-g-.  A  val- 
ue of  1  1/3  or  1,33  was  selected. 

Then  L'  -  1,33d  =  1,33  x  6.75  =  9  inches, 
levin  gives  the  follow! ag  formula  for  ob- 
taining the  net  bearing  pressure: 

let  P  =  total  pressure  on  piston,  in  lb. 
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Pjj  =  net  bearing  pressure,    lb. per   so. in, 

O.IP        O.lxTTxS. 75x5.75x450 

Then  Pjj  =  = . 

dL'  4  X   6.75   X  9 

=  25.5  lb.  per  sq.in. 
This  pressure  is  allov/able. 
The  face  of  the  piston  ras  made  coneave 
so  that  an  approximate  spherical  combustion 
chamber  would  be  obtained.   The  thickness  of 
face  was  made  5/8  inch.   To  make  the  piston 
stronger  the  head  was  ribbed  inside  with  four 
ribs  of  a  thickness  equal  to  one-half  that  of 
the  face  or  5/l6  inch.   The  maximum  thickness 
of  the  pioton  barrel  may  be  found  by  the  for- 
mula . 

t^  =   (  d/50+tj.>0.2  )  inches. 

where  d  =  diameter  of  cylinder  in  inches 
tp  z   thickness  of  ring  in  inches 
ti  =  thickness  of  barrel. 
Then  t]_  z   6.75/50  +  0.85-»- 0.2  =  0,585  inches. 

The  maximum  thickness  of  barrel  was  made 
5/8  inch,  and  the  thickness  at  the  end  was  ta- 
pered down  to  -4  inch. 
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The  first  ring-groove  was  made  at  a  dis- 
tance from  the  end  of  the  piston  equal  to  the 
thickness  of  the  piston  face,  that  is,  5/8  in. 
The  thicl^ness  of  the  "bridge  between  the  grooves 

was  made  ecual  to  the  thickness  of  ring  pins  1 

8 

inch,  or  ^   inch.   The  center  line  of  the  pis- 
ton pin  was  located  4  inches  from  the  piston 
face. 

Piston  Rings . 

Plain,  ca>,t-iron  snap  rings,  fitted  in 
grooves  cut  around  the  circumference  of  the 
piston,  were  made.   Three  rings  -^^ere  placed 
ahead  of  the  piston  pin,  and  the  fourth  ring 
was  so  placed  that  it  could  serve  as  a  wiping 
oil  ring  when  the  piston  reached  its  outer  ex- 
treme position.   These  rings  were  made  of  uni- 
form thickness.  A  pot  pattern  (see  Plate  VII) 
was  designed  so  that  two  sets  of  rin,2'S  could 
he  cut  from  it.   The  outside  and  inside  dia- 
m.eters  of  this  finished  pattern  corresponded 
to  the  same  dimensions  of  the  piston  rings. 
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Sccentric  rings  were  not  used,  as  they  do  not 
present  any  great  advantage.   On  the  other 
hand,  they  cost  more  to  make  and  toward  the 
joint  the  clearance  at  the  bottom  of  the  groove 
is  increased  to  a  dangerous  degree. 

From  empirical  formulae,  the  dimensions 
of  the  rings  were  calculated, 

tp  =  thickness  of  piston  ring  -   

50 
d 

w  -  width  of  -iston  ring  =  - 

20 

Then  t^  =  6.75/50  z    .225  or  i  inch. 
and  w  =  5.75/20  =  .338  or  3/8  inch. 

The  depth  of  the  ring-groove  should  ex- 
ceed the  thickness  of  the  ring  hy  not  more 
than  0.02  inch.   If  a  greater  clearance  is 
allowed,  it  fills  up  with  oil  and  the  oil 
thickens,  sticking  the  ring  fast  in  the  groove. 

The  number  of  rings  may  be  found  by  n.-=  ^ 

5w 

w  =  width  of  ring  in  inches 

d  =  diameter  of  piston  in  inches. 


5.75 


Hence  nr  r  5s:.375  "  1.875 


:  ^''^^     =  3.6  or  4  rings. 
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Piston  Pin, 

The  piston  pin  was  designed  to  carry  the 
maximum  total  load  on  the  piston,  that  is,  the 
load  due  to  the  explosion  pressure.  The   pin 
was  proportioned  so  the  ratio  was  12/^2  -  ^* 

Ig  =  length  of  the  piston  pin. 

dg  =  diameter  of  the  piston  pin, 
A  safe  stress  of  7000  lb.  per  sq.in.  was 
assumed,  and  with  a  maximum  pressure  of  450 
lb,  per  sq.in.,  the  diameter  of  the  pin  was 
found  to  be  if  inches.   The  length  of  the  pin 
was  marie  3/2  by  if  "  2.625,  or  2f  inches. 

The  piston  pin  was  made  cylindrical  in 
shape,  an'  w^s  to  be  held  in  place  by  two  set 
screws,  the  positions  of  which  were  determined 
from  the  relation 

d  -  Ip     lp+  d 
'^2         2 

1'  ~   distance  between  set  screws, 

I2  =  length  of  piston  pin. 


DESISl'J   OP  A   10   H.P.    GAS   ^I;T>'"tIITE.  52, 


d  =  diameter  of  piston. 

2.75+  6.75 

^lien  1'    Z     =  4.75   or  4f  inches. 

2 

The  diameter  of  the  set  screws  was  deter- 
mined from  the  empirical  relation 

dg  I  0.2  d2+  3/16  inch. 

dg  =  diameter  of  piston  pin. 

dg  =  diameter  of  set  screw. 
Then  dg  =  0.2  x  1.75+3/16  =  0.5375  or  i  inch. 

These  set  screws  were  to  be  held  in  place 
with  lock  nuts.   This  made  an  inexpensive  and 
convenient  method  of  holding  the  piston  pin 
and  is  common  practice  in  small  engines  with 
a  solid-end  connecting-rod, 

Conneo ting-Rod. 

Oonnecting-rocls  are  mafle  of  steel  for- 
gings  or  castings.   The  wrist  i±n   and  crank- 
pin  encis  should  lioth  "be  made  adjustable  so  as 
to  permit  taking  up  the  wear  in  those  bear- 
ing's. 
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The  connecting-rod  of  this  engine  was 
to  be  made  in  three  sections.   The  first  sec- 
tion v;as  to  he  the  stiih  connecting-rod  which 
comprised  the  small-end  (piston  end)  and  the 
rod,  the  length  of  which  w?s  almost  equal  to 
the  entire  length  of  the  rod.   The  second  and 
third  sections  were  parts  of  the  large  end 
( crank-pin  end ) , 

The  connecting-rod  was  made  ential  to  5 
crank  lengths  or  25  inches.   The  small  end 
was  made  with  a  solid  eye,  containing  a  bronze 
bushing  and  an  adjustable  wedge.  The  large 
head  was  designed  with  four  bolts,  a  bronze 
bushing  (split)  and  copper  shim. 

The  rod  projer  was  calculated  merely  for 
alternate  tension  and  compression.  The  more 
exact  and  scientific  calculation  of  the  con- 
necting-rod design  nay  be  taken  up  in  an  ad- 
vanced thesis.  In  all  probability  a  connect- 
jng-rod  will  be  obtained  on  the  market,  at  a 
low  price,  which  will  comply  with  the  spec- 
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ifications  of  this  engine.. 

The  rod  was  to  be  of  I-heam  cross-sec- 
tion. It  was  designed,  hoT/ever,  for  a  rec- 
tangular section. 

Id  r  depth  of  cross-section  of  rod, 
a  =  width  of  cross-section  of  rod, 
Asstime  h  =  1,75  a. 
Then  P/pg  =  ah  =  1,75  a*^,  a  i 


1.75p^ 


P  =  total  load  on  connecting-rod, 

p  r  allowable  stress  =  6000  Ih.per  sq.in. 

■   1/  16100 

Then  a  =/ I  1,24  or  1^  inches, 

yi.75  X  6000 

and  h  =  1.75  x  1,24  =  8,16  or  2i   inches. 

These  dimensions  were  increased  slight- 
ly to  allow  for  an  I-heam  cross-section. 
The  rod  was  made  tapering  from  the  small  end 
to  the  large  end,  in  depth  of  rod  only,  the 
width  remaining  constant  throughout  the 
length  of  the  rod. 
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VIII.  MeaEs  Provided  for  Experiment. 

Besides  the  ease  with  which  the  cams 
may  be  adjusted  to  give  any  desired  valve-set- 
ting, several  other  means  of  varying  the  oper- 
ation of  this  engine  have  "been  provided  or  pro 
posed. 

Although  the  method  of  governing  has  not 
been  considered  in  this  Yjort,    this  means  of 
controlling  and  varying  the  operation  is  of 
prime  importance.   Constant-qualitj?-  and  con- 
stant-quantity regulation  can  be  tried,  to- 
gether with  means  of  advancing  and  retarding 
the  spark.   To  this  end  the  Pierce  Governor 
as  well  as  flyball  and  other  ring  types  of 
governors  should  be  investigated.   Under  this 
head  the  different  methods  of  carburet ion 
should  be  considered. 

Variation  in  compression  will  to  some 
extent  be  affected  by  the  various  methods  of 
governing.   Further  change  in  compression 
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may  "be  olbtalned  in  several  other  ways  pro- 
vided for.   The  length  of  the  connecting  rod 
can  be  adjusted  about  f  inch  by  copper  shims 
inserted  betvreen  the  rod  proper  and  half  of 
the  end.   In  the  second  place,  the  length  of 
cylinder  can  he  slightly  increaced  by  insert- 
ing a  gasket  between  the  cylinder  and  frame. 
This  same  result  may  be  obtained  by  the  use 
of  a  piston  of  different  length. 

Two  new  cycles,  which  it  is  believed  will 
materially  increase  the  compression  and  the  re- 
sulting mean  effective  pressure  and  power,  are 
proposed.   The  theoretical  indicator  diagrams 
for  these  cycles  and  for  the  nonnal  cycle  are 
shown  in  Figs.  8,  9  and  10.   Pigs.  11  and  12 
show  these  diagrams  for  the  two  new  cycles, ex- 
aggerated in  order  to  bring  out  the  fundamen- 
tally new  points. 

The  cycle  ?/ith  vacuum  exhaust  (Fig.  8.) 
will  take  place  as  follows:   Only  one  exhaust 
valve  is  opened  at  the  end  of  the  expansion 


57-B 
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stroke  at  "a",  and  remains  open  to  the  point 
"b"  of  the  exhaust  stroke  which  is  about  o,4 
to  0,5  of  the  total  cylinder  volume  (from  head 
end)  or  approzimately  0,7  of  the  exhaust  stroke,  , 
At  the  point  "Id",  or  slightly  before,  the  other 
exhaust  valve  opens;   and  through  the  connec- 
tion of  its  port  with  a  vacuum  pump,  the  burn- 
ed gases  are  exhaiisted  from  the  cylinder.   It 
is  believed  that  the  pressure  at  the  end  of  the 
exhaust  stroke  can  in  this  manner  be  reduced  to 
5  lb.  per  sc.in.  absolute  or  about  one-th-'rd  of 
the  normal  pressure.   This  will  then  reduce  the 
weight  of  exhaust  gases  remaining  in  the  cylin- 
der by  two-thirds.   At  the  end  of  the  exhaust 
stroke  the  auxiliary  exhaust  valve  then  closes; 
and  a  fresh  charge  is  drawn  in  on  the  inlet 
stroke.   The  higher  compression  and  explosion 
pressures  will  be  obtained  by  the  less-dillit- 
ed  charge  taken  in. 

The  pre-compression  cjT-cle  will  necessi- 
tate the  use  of  a  new  cylinder  head  with  two 
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inlet  valves.   At  the  beginning  of  the  intake 
stroke  only  one  of  the  inlet  valves  is  open; 
and  it  remains  open  to  the  point  "b"  (Fig,  9.) 
T^yhi'ch  is  about  0.8  or  0.9  of  the  total  cylin- 
der voliime  or  approximately  0.81  of  the  inlet 
stroke.  At  this  point  the  first  inlet  valve 
closes,  and  the  second  or  auxiliary  inlet 
valve  opens,  admitting  a  compressed  charge  of 
gas  during  the  remainder  of  the  inlet  stroke. 
A  pressure  of  20  to  25  lb.  per  sq.in.  abs.  at 
the  end  of  the  inlet  stroke  can  thiis  he  ob- 
tained;  and  hij^her  compression  and  eTplosion 
pressures  will  result. 


conclusion. 
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Conoluslon.    (Future  Considerations). 

1.  Valve  Gear. 

The  part  of  the  valve  gear  attached  di- 
rectly to  the  cylinder  head  is  somewhat  bulky  ; 
and  with  further  study  and  experiment  could  pro- 
bably be  simplified  and  perfected. 
E.  Flywheel  and  Crankshaft. 

The  rational  design  and  theoretical  an- 
alysis of  the  flywheel  and  crankshaft  were  be- 
yond the  scope  of  the  present  work.  These  would 
form  an  Important  part  of  the  work  in  the  fur- 
ther study  of  the  design  of  this  engine.  In- 
cluded in  this  study  will  be  the  various  iner- 
tia and  shaking  force  diagrams  to  show  the  ned- 
essary  balancing  required, 

3.  Bearings. 

A  study  of  the  bearings  required  and  a 
determination  of  the  most  suitable  type  for 
each  location  must  be  made. 

4.  Iiubrication. 
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Pressure  lubrication  with  oontinuous 
circulation  has  teen  decided  upon.   The  best 
means  of  lubricating  the  crank  pin  and  piston 
pin  must  be  considered. 

5.  Governing, 

The  governing  mechanism  vrill  be  stud- 
ied and  designed  more  in  detail. 

6.  Ignition. 

Magnets  ignition  has  been  decided 
upon;  but  the  method  of  spark  control  will 
be  taken  up. 

7.  Carburet ion. 

Carburetion  v.'ill  have  to  be  studied 
in  conjunction  with  governing.   It  is  recom- 
mended that  the  Stewart,  vacuum- feed  system 
be  considered.   A  tanir  can  1:e  placed  at  the 
bottom  of  the  frame. 
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